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Abstract
The Higgs sector of the U(1)-extended supersymmetric model is studied with
great detail. We calculate the masses of the Higgs bosons at the one-loop level. We
also calculate at the one-loop level the gluon-involving processes for the productions
and decays of the scalar Higgs bosons of the model at the energy of the CERN
Large Hadron Collider (LHC), where the radiative corrections due to the loops of
top, bottom, and exotic quarks and their scalar partners are taken into account.
We find that the exotic quark and exotic scalar quarks in the model may manifest
themselves at the LHC, since the production of the heaviest scalar Higgs boson via
gluon fusion processes is mediated virtually by the loops of exotic quark and exotic
scalar quarks, for a reasonable parameter set of the model.
1. Introduction
The search for the Higgs boson is one of the prominent goals of the future high-energy
collider experiments. The massive fermions and gauge bosons in the standard model
(SM) acquire their masses through the mediation of a single scalar Higgs boson. The
mass of this SM Higgs boson receives quadratic divergences at the one-loop level due to
the radiative corrections from other SM particle loops. The simplest way to solve this
problem is to introduce the supersymmetry (SUSY) to the SM. The SUSY partners to
the SM particles help to eliminate the quadratic divergences to the Higgs boson mass,
by the cancellation between each SM particle loop and its superparticle loop, at the one-
loop level. However, if the SUSY is a broken symmetry in nature, the cancelation is not
complete and thus the Higgs boson mass receives non-zero quantum corrections at the
one-loop level [1-4].
The most economical SUSY model is the minimal supersymmetric standard model
(MSSM), where two Higgs doublets are introduced in order to cancel the gauge anomaly.
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They give masses independently to down-type fermions and up-type fermions. Since
studies of the MSSM has revealed a few theoretical problems such as the µ problem [5],
various alternative SUSY models have been introduced.
The U(1)-extended supersymmetric standard model (USSM) is one of the non-minimal
supersymmetric models which does not suffer the MSSM µ problem. The USSM is char-
acterized by the extra U(1)′ gauge symmetry at the TeV scale [6-23]. Thus, there is an
extra neutral gauge boson with a mass of a TeV scale. Also, the USSM has a larger Higgs
sector, which consists of a neutral Higgs singlet besides two Higgs doublets. In the USSM,
the quantity corresponding to the µ parameter of the MSSM is dynamically generated by
the vacuum expectation value of the Higgs singlet.
Another characteristic of the USSM is that each SM generation is extended by an extra
pair of SU(2) singlet quarks, DlL and D¯
l
R, with electric charges −1/3 and +1/3, respec-
tively. The presence of these exotic quarks is interesting from the phenomenological point
of view. In particular, scenarios with a light exotic quark in the USSM have extensively
been investigated [18-22]. A recent study have shown that the exotic quarks may con-
tribute by large amount to the CP mixing between the heaviest scalar and pseudoscalar
Higgs bosons [18]. Since the exotic quarks couple directly to the neutral Higgs singlet,
the heaviest Higgs boson mass at the one-loop level might be affected by the exotic quark
loops. Also, the exotic quark loops contribute to the gluon fusion process of the Higgs
production at the Large Hadron Collider (LHC). These effects of the exotic quarks have
been studied elsewhere [22]. While some approximations have been made in Ref. [22],
the calculations in this article are carried out in a rigorous way.
In this article, we continue to study the Higgs potential in the USSM at the one-loop
level. In particular, we are interested in the Higgs productions and decays at the LHC.
We take into account the radiative corrections due to the quarks of the third generation,
exotic quarks, and their superpartners at the leading order. We calculate the production
cross sections of the scalar Higgs bosons via the gluon fusion process. It is found that
the production of the heaviest scalar Higgs boson might be significantly enhanced for a
parameter region by the exotic quark and scalar quarks contributions.
We also study the dominant decay modes of the scalar Higgs bosons. Among them,
we calculate the decay processes of the scalar Higgs bosons into gluon pairs, which are
mediated by the loops of the quarks, exotic quarks, and their superpartners. The gluonic
decay mode might be important for the Higgs search of the USSM at the LHC, since it
may exhibit the role of the exotic quark and exotic scalar quarks. In particular, we find
that the decay of the heaviest scalar Higgs boson into a pair of gluons depends virtually
only on the loops of the exotic quark and exotic scalar quarks.
The article is organized as follows: In the next section, the Higgs potential of the
USSM is described. Then, we calculate the masses of the pseudoscalar and the three
neutral scalar Higgs bosons at the one-loop level. These one-loop masses are taken as
input for the Higgs production calculations in Section 4 and the Higgs decay calculations
in Section 5. Numerical analysis is presented in Section 6, and conclusions in the last
section.
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2. Higgs Potential
There are two Higgs doublet superfields H1 and H2, and a Higgs singlet superfield S in
the USSM. The gauge symmetry of the USSM is SU(2) × U(1) × U(1)′. For the Higgs
superpotential, we consider only the quarks of the third generation, and one family of the
exotic quarks, DL and D¯R. Thus, the superpotential of the USSM may be written as
W ≈ htQT ǫH2tcR − hbQT ǫH1bcR + hkSDLD¯R + λSHT1 ǫH2 , (1)
where ht, hb, and hk are the Yukawa couplings of the top, bottom, and exotic quarks,
respectively, Q is the left-handed quark doublet superfield of the third generation, tcR and
bcR are respectively the charge conjugate superfields of the right-handed top quark and
the right-handed bottom quark, λ is the dimensionless coupling constant, and ǫ is a 2× 2
antisymmetric matrix defined as ǫ12 = 1.
The Higgs sector of the USSM consists of two Higgs doublets, H1 = (H
0
1 , H
−) and
H2 = (H
+, H02 ), and one Higgs singlet S. The tree-level Higgs potential, V
0, is obtained by
collecting the F -terms and theD-terms of the above superpotential, and adding physically
allowed soft terms. Thus, it may be written as
V 0 = VF + VD + VS , (2)
with
VF = |λ|2[(|H1|2 + |H2|2)|S|2 + |HT1 ǫH2|2] ,
VD =
g22
8
(H†1~σH1 +H
†
2~σH2)
2 +
g21
8
(|H1|2 − |H2|2)2
+
g
′2
1
2
(Q˜1|H1|2 + Q˜2|H2|2 + Q˜3|S|2)2 ,
VS = m
2
1|H1|2 +m22|H2|2 +m23|S|2 − [λAλHT1 ǫH2S +H.c.] , (3)
where g2, g1, and g
′
1 are respectively the gauge coupling coefficients of SU(2), U(1),
and U(1)′, ~σ are Pauli matrices, Aλ is the trilinear soft SUSY breaking parameter with
mass dimension, mi (i = 1,2,3) are soft SUSY breaking masses, and Q˜1, Q˜2, and Q˜3 are
respectively the effective U(1)′ hypercharges of H1, H2, and S. We do not consider in
this article the CP violation in the USSM, which may take place in the mixing between
the scalar and pseudoscalar Higgs bosons. Thus, the parameters of the Higgs potential
as well as the vacuum expectation values of the neutral Higgs fields are taken to be real
in following procedure.
The effective U(1)′ hypercharges of the Higgs fields satisfy the identity relation of∑3
i=1 Q˜i = 0 in order to ensure the U(1)
′ gauge invariance. The soft SUSY breaking masses
mi may be eliminated by using the three minimum conditions for the Higgs potential
that define the vacuum. After electroweak symmetry breaking, the neutral components
of Higgs fields will develop vacuum expectation values as v1 = 〈H01 〉, v2 = 〈H02 〉, and
s = 〈S〉. We introduce a free parameter, tanβ = v2/v1. The value of v =
√
v21 + v
2
2 is
fixed by electroweak data as 175 GeV. In terms of the vacuum expectation values, the
masses of top, bottom, and exotic quarks are respectively given as mt = htv2, mb = hbv1,
and mk = hks after electroweak symmetry breaking.
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The tree-level 2 × 2 mass matrices for the scalar partners to top, bottom, and exotic
quarks in the USSM may be written as
M q˜ =
(
M q˜11 M
q˜
12
M q˜∗12 M
q˜
22
)
, (4)
where q˜ = t˜, b˜, k˜. For simplicity, we rewrite M q˜ij as M
t˜
ij , M
b˜
ij , and M
k˜
ij , respectively, for
the scalar partners to top, bottom, and exotic quarks. The matrix elements are obtained
from the tree-level Higgs potential in the on-shell Lagrangian after the elimination of the
auxiliary fields as follows:
M t˜11 = m
2
Q + h
2
t |H02 |2 +
(
g22
4
− g
2
1
12
)
(|H01 |2 − |H02 |2)
+
g
′2
1
4
Q˜Q(Q˜1|H01 |2 + Q˜2|H02 |2 + Q˜3|S|2) ,
M t˜22 = m
2
U + h
2
t |H22 |2 +
g21
3
(|H01 |2 − |H02 |2)
+
g
′2
1
4
Q˜U(Q˜1|H01 |2 + Q˜2|H02 |2 + Q˜3|S|2) ,
M t˜12 = ht(λH
0∗
1 S
∗ − AtH02) ,
M b˜11 = m
2
Q + h
2
b |H01 |2 −
(
g22
4
+
g21
12
)
(|H01 |2 − |H02 |2)
+
g
′2
1
4
Q˜Q(Q˜1|H01 |2 + Q˜2|H02 |2 + Q˜3|S|2) ,
M b˜22 = m
2
D + h
2
b |H01 |2 −
g21
6
(|H01 |2 − |H02 |2)
+
g
′2
1
4
Q˜D(Q˜1|H01 |2 + Q˜2|H02 |2 + Q˜3|S|2) ,
M b˜12 = hb(λH
0∗
2 S
∗ −AbH01 ) ,
M k˜11 = m
2
K + h
2
k|S|2 +
g21
6
(|H01 |2 − |H02 |2)
+
g
′2
1
4
Q˜K(Q˜1|H01 |2 + Q˜2|H02 |2 + Q˜3|S|2) ,
M k˜22 = m
2
K¯ + h
2
k|S|2 −
g21
6
(|H01 |2 − |H02 |2)
+
g
′2
1
4
Q˜K¯(Q˜1|H01 |2 + Q˜2|H02 |2 + Q˜3|S|2) ,
M k˜12 = hk(λH
0∗
1 H
0∗
2 − AkS) , (5)
where mQ, mU , mD, mK and mK¯ are the soft SUSY breaking masses for the scalar quarks,
At, Ab, Ak are the trilinear soft SUSY breaking parameters for them, and Q˜Q = −Q˜1/3,
Q˜U = (Q˜1 − 2Q˜2)/3, Q˜D = (Q˜1 + 2Q˜2)/3, Q˜K = Q˜2, and Q˜K˜ = Q˜1. These relations for
the effective U(1)′ hypercharges are dictated by the cancellation of anomalies. Note that
the contributions from VD are included in the above mass matrices for the scalar quarks.
In Ref. [22], they have been neglected. Thus, if we set g1 = g2 = g
′
1 = 0, the above
expressions will reduce to the corresponding results in Ref. [22].
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Now, the squared masses of the scalar partners to top, bottom, and exotic quarks
are respectively given by the eigenvalues of M q˜ (q˜ = t˜, b˜, k˜), by diagonalizing them. We
obtain the squared masses of the scalar quarks as
m2t˜1,t˜2 =
m2Q +m
2
U
2
+m2t +
m2Z
4
cos 2β +Gt1v
2 cos2 β +Gt2v
2 sin2 β +Gt3Q˜3s
2
∓
√
Xt ,
m2
b˜1,b˜2
=
m2Q +m
2
D
2
+m2b −
m2Z
4
cos 2β +Gb1v
2 cos2 β +Gb2v
2 sin2 β +Gb3s
2
∓
√
Xb ,
m2
k˜1,k˜2
=
m2K +m
2
K¯
2
+m2k +G
k
1v
2 cos2 β +Gk2v
2 sin2 β +Gk3s
2 ∓
√
Xk , (6)
where the contributions of the scalar quark mixing are given by
Xt =
[
m2Q −m2U
2
+
(
2m2W
3
− 5m
2
Z
12
)
cos 2β +Bt1v
2 cos2 β +Bt2 sin
2 β +Bt3s
2
]2
+m2t (λs cotβ − At)2 ,
Xb =
[
m2Q −m2D
2
+
(
m2Z
12
− m
2
W
3
)
cos 2β +Bb1v
2 cos2 β +Bb2v
2 sin2 β +Bb3s
2
]2
+m2b(λs tanβ − Ab)2 ,
Xk =
[
m2K −m2K¯
2
+
(
m2Z
3
− m
2
W
3
)
cos 2β +Bk1v
2 cos2 β +Bk2v
2 sin2 β +Bk3s
2
]2
+m2k(λv
2 sin β cos β/s− Ak)2 , (7)
with
Gti =
g
′2
1
8
(Q˜Q + Q˜U)Q˜i ,
Gbi =
g
′2
1
8
(Q˜Q + Q˜D)Q˜i ,
Gki =
g
′2
1
8
(Q˜K + Q˜K¯)Q˜i ,
Bti =
g
′2
1
8
(Q˜Q − Q˜U)Q˜i ,
Bbi =
g
′2
1
8
(Q˜Q − Q˜D)Q˜i ,
Bki =
g
′2
1
8
(Q˜K − Q˜K¯)Q˜i . (8)
3. Higgs Masses at the One-Loop Level
At the one-loop level, quarks and their scalar partners contribute to the radiative cor-
rections through loops. The contributions from the loops of top quark and top scalar
quarks are most dominant for a wide region in the parameter space. Also, the radiative
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corrections due to the loops of bottom quark and bottom scalar quarks might be phe-
nomenologically significant, especially for very large tan β, at the low energy scale. The
contributions from the loops of the exotic quark and its scalar partners in the USSM are
not well studied. We have suggested elsewhere that their contributions are worthwhile
studying from a phenomenological point of view because the exotic quark couples directly
to the Higgs singlet S in the USSM [22]. Thus, in this article, we consider the loops of
top, bottom, exotic quark and their scalar partners in our calculations at the one-loop
level.
The Higgs potential at the one-loop level, V 1, is given as
V 1 = V 0 + V1,eff
where the radiative corrections, V1,eff , is obtained by effective potential method [24].
Explicitly, it is given by
V1,eff =
∑
j
njM4j
64π2
[
log
M2j
Λ2
− 3
2
]
, (9)
where Λ is the renormalization scale in the modified minimal subtraction scheme, and
nq = −12 is the quark degree of freedom and nq˜i = 6 (i = 1, 2) are the degrees of freedom
for scalar quarks, determined from their color, charge, and spin factors.
After the electroweak symmetry breaking, ten real degrees of freedom from the Higgs
sector of the USSM are reduced to six physical Higgs particles, namely, a pair of charged
Higgs bosons, one pseudoscalar Higgs boson, and three scalar Higgs bosons. The squared
mass of the neutral pseudoscalar Higgs boson at the one-loop level may be written as
m2A = m
2
A0 +m
2
At +m
2
Ab +m
2
Ak , (10)
where mA0 is the tree-level mass, given as
m2A0 =
2λvAλ
sin 2α
,
and mAt , mAb, and mAk account respectively for the radiative corrections from the top,
bottom, and the exotic quark sectors:
m2At = −
3m2tλAt
8π2v sin2 β sin 2α
f(m2t˜1 , m
2
t˜2
) ,
m2Ab = −
3m2bλAb
8π2v cos2 β sin 2α
f(m2
b˜1
, m2
b˜2
) ,
m2Ak = −
3m2kλAkv
8π2s2 sin 2α
f(m2
k˜1
, m2
k˜2
) , (11)
where α is a mixing angle between the electroweak scale and the U(1)′ symmetry breaking
scale, defined as
tanα =
v
2s
sin 2β , (12)
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and the dimensionless function f(m21, m
2
2) is defined as
f(m21, m
2
2) =
1
(m22 −m21)
[
m21 log
m21
Λ2
−m22 log
m22
Λ2
]
+ 1 . (13)
The three neutral scalar Higgs bosons, Si (i = 1, 2, 3), of the USSM are given by the
eigenvectors of a 3×3 symmetric mass matrix, and their squared masses, mSi (i = 1, 2, 3),
are given by the corresponding eigenvalues. These neutral scalar Higgs bosons are sorted
such that mS1 < mS2 < mS2 .
At the one-loop level, the mass matrix for the three scalar Higgs bosons, may be
decomposed as
Mij =M
0
ij +M
t
ij +M
b
ij +M
k
ij
where M0ij is the matrix elements at the tree level, obtained from V
0, given explicitly as
M011 = m
2
Z cos
2 β + 2g′21 Q˜
2
1v
2 cos2 β +m2A0 sin
2 β cos2 α ,
M022 = m
2
Z sin
2 β + 2g′21 Q˜
2
2v
2 sin2 β +m2A0 cos
2 β cos2 α ,
M033 = 2g
′2
1 Q˜
2
3s
2 +m2A0 sin
2 α ,
M012 = g
′2
1 Q˜1Q˜2v
2 sin 2β + (λ2v2 −m2Z/2) sin 2β −m2A0 cos β sin β cos2 α ,
M013 = 2g
′2
1 Q˜1Q˜3vs cosβ + 2λ
2vs cos β −m2A0 sin β cosα sinα ,
M023 = 2g
′2
1 Q˜2Q˜3vs sin β + 2λ
2vs sin β −m2A0 cos β cosα sinα , (14)
and M tij , M
b
ij , and M
k
ij are respectively the radiative contributions from the top quark
sector, the bottom quark sector, and the exotic quark sector. They are obtained from
V1,eff as
M qij =
3
32π2v2
W qi W
q
j
g(m2q˜1, m
2
q˜2
)
(m2q˜2 −m2q˜1)2
+
3
32π2v2
AqiA
q
j log
(
m2q˜1m
2
q˜2
Λ4
)
+
3
32π2v2
(W qi A
q
j + A
q
iW
q
j )
log(m2q˜2/m
2
q˜1
)
(m2q˜2 −m2q˜1)
+Dqij , (15)
where q = t, b, k and
At1 = (2G
t
1v
2 +
m2Z
2
) cos β ,
At2 =
2m2t
sin β
+ (2Gt2v
2 − m
2
Z
2
) sinβ ,
At3 = 2G
t
3vs ,
Ab1 =
2m2b
cos β
+ (2Gb1v
2 − m
2
Z
2
) cos β ,
Ab2 = (2G
b
2v
2 +
m2Z
2
) sin β ,
Ab3 = 2G
b
3vs ,
Ak1 = 2G
k
1v
2 cos β ,
Ak2 = 2G
k
2v
2 sin β ,
Ak3 =
2m2kv
s
+ 2Gk3vs , (16)
7
W t1 =
2m2tλs∆t
sin β
+ (2Bt1v
2 +
4m2W
3
− 5m
2
Z
6
) cos β∆gt ,
W t2 = −
2m2tAt∆t
sin β
− (−2Bt2v2 +
4m2W
3
− 5m
2
Z
6
) sin β∆gt ,
W t3 =
2m2tλv∆t
tan β
+ 2Bt3vs∆
g
t ,
W b1 = −
2m2bAb∆b
cos β
+ (2Bb1v
2 − 2m
2
W
3
+
m2Z
6
) cos β∆gb ,
W b2 =
2m2bλs∆b
cos β
− (−2Bb2v2 −
2m2W
3
+
m2Z
6
) sin β∆gb ,
W b3 = 2m
2
bλv tanβ∆b + 2B
b
3vs∆
g
b ,
W k1 =
2m2kλv
2 sin β∆k
s
+ (2Bk1v
2 +
2m2Z
3
− 2m
2
Z
3
) cosβ∆gk ,
W k2 =
2m2kλv
2 cos β∆k
s
− (−2Bk2v2 +
2m2Z
3
− 2m
2
Z
3
) sin β∆gk ,
W k3 = −
2Akm
2
kv
s
∆k + 2B
k
3vs∆
g
k , (17)
∆t = λs cotβ −At ,
∆gt = m
2
Q −m2U + (
4
3
m2W −
5
6
m2Z) cos 2β + 2B
t
1v
2 cos2 β + 2Bt2v
2 sin2 β + 2Bt3s
2 ,
∆b = λs tanβ − Ab ,
∆gb = m
2
Q −m2D + (
1
6
m2Z −
2
3
m2W ) cos 2β + 2B
b
1v
2 cos2 β + 2Bb2v
2 sin2 β + 2Bb3s
2 ,
∆k = λv tanα− Ak , (18)
∆gk = m
2
K −m2K¯ +
2
3
(m2Z −m2W ) cos 2β + 2Bk1v2 cos2 β + 2Bk2v2 sin2 β + 2Bk3s2 ,
Dt11 = m
2
At sin
2 β cos2 α− 3 cos
2 β
16π2v2
(
2Bt1v
2 +
4m2W
3
− 5m
2
Z
6
)2
f(m2t˜1 , m
2
t˜2
) ,
Dt22 = m
2
At cos
2 β cos2 α− 3 sin
2 β
16π2v2
(
−2Bt2v2 +
4m2W
3
− 5m
2
Z
6
)2
f(m2t˜1 , m
2
t˜2
)
− 3m
4
t
4π2v2 sin2 β
log
(
m2t
Λ2
)
,
Dt33 = m
2
At sin
2 α− (B
t
3s)
2
4π2
f(m2t˜1 , m
2
t˜2
) ,
Dt12 = −m2At cos β sin β cos2 α +
3 sin 2β
32π2v2
(
2Bt1v
2 +
4m2W
3
− 5m
2
Z
6
)
×
(
−2Bt2v2 +
4m2W
3
− 5m
2
Z
6
)
f(m2t˜1 , m
2
t˜2
) ,
Dt13 = −m2At sin β cosα sinα−
3m2tλ
2s cos β
8π2v sin2 β
f(m2t˜1 , m
2
t˜2
)
− 3B
t
3s cosβ
8π2v
(
2Bt1v
2 +
4m2W
3
− 5m
2
Z
6
)
f(m2t˜1 , m
2
t˜2
) ,
8
Dt23 = −m2At cos β cosα sinα
+
3Bt3s sin β
8π2v
(
−2Bt2v2 +
4m2W
3
− 5m
2
Z
6
)
f(m2t˜1 , m
2
t˜2
) , (19)
Db11 = m
2
Ab sin
2 β cos2 α− 3 cos
2 β
16π2v2
(
2Bb1v
2 − 2m
2
W
3
+
m2Z
6
)2
f(m2
b˜1
, m2
b˜2
)
− 3m
4
b
4π2v2 cos2 β
log
(
m2b
Λ2
)
,
Db22 = m
2
Ab cos
2 β cos2 α− 3 sin
2 β
16π2v2
(
−2Bb2v2 −
2m2W
3
+
m2Z
6
)2
f(m2
b˜1
, m2
b˜2
) ,
Db33 = m
2
Ab sin
2 α− (B
b
3s)
2
4π2
f(m2
b˜1
, m2
b˜2
) ,
Db12 = −m2At cos β sin β cos2 α +
3 sin 2β
32π2v2
(
2Bb1v
2 − 2m
2
W
3
+
m2Z
6
)
×
(
−2Bb2v2 −
2m2W
3
+
m2Z
6
)
f(m2t˜1 , m
2
t˜2
) ,
Db13 = −m2Ab sin β cosα sinα
− 3B
b
3s cosβ
8π2v
(
2Bb1v
2 − 2m
2
W
3
+
m2Z
6
)
f(m2
b˜1
, m2
b˜2
) ,
Db23 = −m2Ab cos β cosα sinα−
3m2bλ
2s tanβ
8π2v cos β
f(m2
b˜1
, m2
b˜2
)
+
3Bb3s sin β
8π2v
(
−2Bb2v2 −
2m2W
3
+
m2Z
6
)
f(m2
b˜1
, m2
b˜2
) , (20)
Dk11 = m
2
Ak sin
2 β cos2 α− 3 cos
2 β
16π2v2
(
2Bk1v
2 +
2m2Z
3
− 2m
2
W
3
)2
f(m2
k˜1
, m2
k˜2
) ,
Dk22 = m
2
Ak cos
2 β cos2 α− 3 sin
2 β
16π2v2
(
−2Bk2v2 +
2m2Z
3
− 2m
2
W
3
)2
f(m2
k˜1
, m2
k˜2
) ,
Dk33 = m
2
Ak sin
2 α− (B
k
3s)
2
4π2
f(m2
k˜1
, m2
k˜2
)− 3m
4
k
4π2s2
log
(
m2k
Λ2
)
,
Dk12 = −m2Ak cos β sin β cos2 α +
3 sin 2β
32π2v2
(
2Bk1v
2 +
2m2Z
3
− 2m
2
W
3
)
×
(
−2Bk2v2 +
2m2Z
3
− 2m
2
W
3
)
f(m2
k˜1
, m2
k˜2
)
− 3m
2
kλ
2v2 sin 2β
16π2s2
f(m2
k˜1
, m2
k˜2
) ,
Dk13 = −m2Ak sin β cosα sinα−
3m2kλ
2s cos β
8π2v sin2 β
f(m2
k˜1
, m2
k˜2
)
− 3B
k
3s cos β
8π2v
(
2Bk1v
2 +
2m2Z
3
− 2m
2
W
3
)
f(m2
k˜1
, m2
k˜2
) ,
Dk23 = −m2Ak cos β cosα sinα
9
+
3Bk3s sin β
8π2v
(
−2Bk2v2 +
2m2Z
3
− 2m
2
W
3
)
f(m2
k˜1
, m2
k˜2
) . (21)
The above analytic expressions are obtained by employing some mathematical formu-
las. We remark that, in a previous study, we have neglected for the sake of simplicity the
D-term contributions of the the scalar quarks for the neutral Higgs boson masses [22].
One may obtain the results of Ref. [22] by taking g1 = g2 = g
′
1 = 0 in the above expres-
sions. Thus, the above expressions for the scalar Higgs boson masses at the one-loop level
are more rigorous and complete, and calculated for the first time in the USSM.
4. Higgs Productions in pp Collisions
It is well noticed that the gluon fusion process, mediated by the top quark triangular
loops, is the most dominant production channel for the SM Higgs boson in pp collisions
at the energy of the LHC. The gluon fusion process is also important for the productions
of the scalar Higgs bosons of the USSM at the LHC, where the loops of top quark and
top scalar quarks, by far, would play the most dominant role, for a large space of the
relevant parameters of the USSM. For very large tan β, the loops of bottom quark and
bottom scalar quarks would also yield considerable contributions. Further, the loops of
the exotic quark and exotic scalar quarks may also contribute as much significantly as the
loops of top quark sector or the bottom quark sector. Thus, in our analysis, we consider
all of them, namely, the contributions of top, bottom, and the exotic quark sectors to the
productions of the USSM scalar Higgs bosons via the gluon fusion process.
Let us denote σˆi(gg → Si) as the parton-level cross section for the gluon-gluon anni-
hilation into Si (i = 1, 2, 3) in the USSM. It is obtained as [25,26,22]
σˆi(sˆ) = σˆi(gg → Si) = α
2
s(mZ)
256π
δ
(
1− m
2
Si
sˆ2
)
(|AS + ASD|2) , (22)
where sˆ is the square of the c.m. energy of two gluons, αs(mZ) is the strong coupling
constant evaluated at the electroweak scale, and AS represents the contributions from
top and bottom quarks and their scalar partners while ASD accounts for the contributions
from the exotic quark sector. They are given in terms of form factors as
AS =
∑
q=t,b

GSiqqASq (τq) + ∑
j=1,2
GSi q˜j q˜j
v2
2m2q˜j
ASq˜ (τq˜j)

 ,
ASD =

GSikkASk (τk) + ∑
j=1,2
GSik˜j k˜j
v2
m2
k˜j
AS
k˜
(τk˜j )

 . (23)
where ASq (τq) is the quark form factor (q = t, b, k), GSiqq is the coupling coefficient of Si
to a pair of quarks (q = t, b, k), ASq˜ (τq˜) is the form factor of the scalar quarks (q˜ = t˜, b˜, k˜),
and GSiq˜j q˜j are the coupling coefficients of Si to the pairs of scalar quarks (j = 1, 2 and
q˜ = t˜, b˜, k˜).
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The quark form factor and the form factor for the scalar quarks are given respectively
as
ASq (τq) = τq[1 + (1− τq)f(τq)] , ASq˜ (τq˜j ) = τq˜j [τq˜jf(τq˜j)− 1] , (24)
where the scaled variables are defined as
τq =
4m2q
m2Si
, τq˜j =
4m2q˜j
m2Si
, (25)
and the function f is defined as
f(τ) =


arcsin2(1/
√
τ ) τ ≥ 1 ,
−1
4
[
log
(
1+
√
1+τ
1−√1−τ
)
− iπ
]2
τ < 1 .
(26)
Now, let us calculate the coupling coefficients, GSiqq and GSiq˜j q˜j . It is convenient to
normalize the coupling coefficients of Si to a pair of quarks using the corresponding SM
coupling coefficient. Then, the normalized coupling coefficients for our case are obtained
as
GSibb =
O1i
cos β
, GSitt =
O2i
sin β
, (27)
where Oij are the elements of the 3 × 3 orthogonal matrix which diagonalizes the mass
matrix for the scalar Higgs bosons. The coupling coefficient of Si to a pair of exotic
quarks, normalized with the exotic quark mass mk, is given as
GSikk =
v
s
O3i . (28)
The coupling coefficients of Si to a pair of scalar quarks are defined as
GSiq˜j q˜k =
3∑
l=1
(
ΓSlq˜q˜
)
βγ
OliU
q˜
βjU
q˜
γk , (29)
where ΓSi q˜q˜ (i = 1, 2, 3 and q˜ = t˜, b˜, k˜) are the 2 × 2 matrix for the coupling coefficients
of Si to a pair of the left- and right-handed components of weak eigenstates of scalar
quarks, U q˜ is the 2 × 2 orthogonal matrix which diagonalizes the mass matrix for the
scalar quarks, and the subscript indices are β, γ = L,R, and j, k = 1, 2. Note that Oij
are also present in the above expression.
The explicit expressions for ΓSi q˜q˜ are as follows:
ΓS1t˜t˜ =
mt
v2 sin β
(
0 λs
λs 0
)
+ v cos β


−g
2
1
6
+
g22
2
+
g
′2
1
8
Q˜QQ˜1 0
0
2
3
g21 +
g
′2
1
8
Q˜UQ˜1

 ,
ΓS2t˜t˜ =
mt
v2 sin β
(
2mt −At
−At 2mt
)
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+ v sin β


g21
6
− g
2
2
2
+
g
′2
1
8
Q˜QQ˜2 0
0 −2
3
g21 +
g
′2
1
8
Q˜UQ˜2

 ,
ΓS3t˜t˜ =
mt
v sin β
(
0 λ cos β
λ cosβ 0
)
+ s


g
′2
1
8
Q˜QQ˜3 0
0
g
′2
1
8
Q˜UQ˜3

 ,
ΓS1b˜b˜ =
mb
v2 cos β
(
2mb −Ab
−Ab 2mb
)
+ v cos β


−g
2
1
6
− g
2
2
2
+
g
′2
1
8
Q˜QQ˜1 0
0 −g
2
1
3
+
g
′2
1
8
Q˜DQ˜1

 ,
ΓS2b˜b˜ =
mb
v2 cos β
(
0 λs
λs 0
)
+ v sin β


g21
6
+
g22
2
+
g
′2
1
8
Q˜QQ˜2 0
0
g21
3
+
g
′2
1
8
Q˜DQ˜2

 ,
ΓS3b˜b˜ =
mb
v cos β
(
0 λ sin β
λ sin β 0
)
+ s


g
′2
1
8
Q˜QQ˜3 0
0
g
′2
1
8
Q˜DQ˜3

 ,
ΓS1k˜k˜ =
mk
s
(
0 λ sin β
λ sin β 0
)
+ v cos β


g21
3
+
g
′2
1
8
Q˜KQ˜1 0
0 −g
2
1
3
+
g
′2
1
8
Q˜K¯Q˜1

 ,
ΓS2k˜k˜ =
mk
s
(
0 λ cosβ
λ cos β 0
)
+ v sin β


−g
2
1
3
+
g
′2
1
8
Q˜KQ˜2 0
0
g21
3
+
g
′2
1
8
Q˜K¯Q˜2

 ,
ΓS3k˜k˜ =
mk
vs
(
2mk −Ak
−Ak 2mk
)
12
+ s


g
′2
1
8
Q˜KQ˜3 0
0
g
′2
1
8
Q˜K¯Q˜3

 . (30)
The 2× 2 diagonalizing matrix for the scalar quarks, U q˜, is given as
U q˜ =
(
cos θq˜ − sin θq˜
sin θq˜ cos θq˜
)
, (31)
where the mixing angle θq˜ is defined as
tan θq˜ =
m2q˜1 −M q˜11
M q˜12
, (32)
with mq˜1 being the mass of the lighter scalar quark and M
q˜
ij being the elements of the
mass matrix M q˜ for the scalar quarks (q˜ = t˜, b˜, k˜).
Now, we are ready to calculate the production cross section of the scalar Higgs bosons
at the LHC. In order to obtain σi(pp → Si), the desired cross section at the laboratory
level, we should fold the cross section at the parton level with the gluon distribution
functions as [25,26,22]
σi(E,mSi) =
∫ 1
τS
dτ
∫ 1
τ
dx
τS
x
g(x,m2Si)g(τ/x,m
2
Si
)σˆi(sˆ = τE
2) , (33)
where g(x,m2Si) is the gluon distribution function at the factorization scale m
2
Si
, with x
being the fraction of the momentum of the proton carried by the gluon, g(τS/x,m
2
Si
) is
the gluon distribution functions for the other participating gluon, and τS = m
2
Si
/E2 is the
Drell-Yann variable, with E being the c.m. energy of the colliding protons at the LHC.
For the gluon distribution functions, the CTEQ6L is used in our calculation [28].
5. Higgs Decays
The scalar Higgs bosons would decay, among others, into pairs of fermions. In the SM, the
pairs of bottom quarks would be the most prominent decay modes for the SM Higgs boson
if its mass is below 135 GeV. One may sort out the branching ratios for the SM Higgs
boson with an intermediate mass of around 110 GeV as BR(HSM → bb) > BR(HSM →
ττ) > BR(HSM → gg). Thus, for such an intermediate SM Higgs boson, decaying into
a pair of gluons via the triangular loop of the top quark would be more difficult than
decaying into a pair of bottom quarks or a pair of tau leptons. On the other hand, if the
mass of the SM Higgs boson turns out to be larger than 135 GeV, the Higgs decay into
a pair of gauge bosons would be more dominant than any other decay modes.
The situation in the USSM, we expect, would be different from the SM case, since
there are exotic quark and exotic scalar quarks in the USSM. In particular, they would
certainly affect the decays of the scalar Higgs bosons. As one can see in the superpotential
of the USSM, the heaviest scalar Higgs boson couples directly to the exotic quarks, while
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the other scalar Higgs bosons couple indirectly to the exotic quarks through the mixings
among them. Thus, in order to study the effects of the exotic quarks in the decays of
the scalar Higgs bosons, we may as well pay more attentions to the heaviest scalar Higgs
boson than the other ones. Let us study the decay modes of the scalar Higgs bosons of
the USSM into pairs of fermions, gluons, and gauge bosons, as they are considered to be
the most important decay modes. Among them, the decay mode into gluon pairs should
be studied in more detail, since it may reveal the effects of the exotic quarks more clearly
than other decay modes.
The total decay width of the Si (i = 1, 2, 3) may be assumed as
Γ(Si) = Γ(Si → bb) + Γ(Si → ττ) + Γ(Si → µµ) + Γ(Si → cc)
+ Γ(Si → ss) + Γ(Si → gg) + Γ(Si → WW ) + Γ(Si → ZZ) , (34)
where each decay mode can be understood without difficulty. Note that the heaviest
scalar Higgs boson, S3, has additional decay modes, since it can decay into the lighter
ones, that is, S3 → S1S1, S3 → S2S2, or S3 → S1S2.
Now, let us describe each partial decays. The partial decay width of Si into a pair of
fermions is given as
Γ(Si → ff) =
Cfm
2
fmSi
16πv2
[
1− 4m
2
f
m2Si
] 3
2
G2Siff , (35)
where Cf is the color factor of fermions, mf is the mass of the fermion, and GSiff is the
coupling coefficient normalized with respect to the corresponding SM coupling coefficient.
This fermionic partial decay width applies to bottom, charm, and strange quarks, and
tau and muon leptons.
The partial decay width of Si into a pair of gauge bosons is given as
Γ(Si → V V ) =
CVm
3
Si
64πv2
√√√√1− 4m2V
m2Si
(
1− 4m
2
V
m2Si
+ 12
m4V
m4Si
)
G2SiV V , (36)
where CZ = 1 and CW = 2, mV is the mass of the gauge boson, and GSiV V is the coupling
coefficient of Si to the gauge boson pairs, normalized by the corresponding SM coupling
coefficient (V = Z,W ).
The normalized coupling coefficient of Si to a pair of Z bosons is given as [21]
GSiZZ = cos βO1iC
2
1 + sin βO2iC
2
2 +
sO3i
4GHZZ
C23 , (37)
where GHZZ = g2mZ/ cos θW is the corresponding SM coupling coefficient, with θW being
the weak mixing angle, and Ci (i = 1, 2, 3) are dimensionless parameters defined as
C1 = cos
2 θW + sin
2 θW cosφ− g
′
1Q˜1
g2
cos θW sin θW sinφ ,
C2 = cos
2 θW + sin
2 θW cosφ+
g′1Q˜2
g2
cos θW sin θW sin φ ,
C3 = g
′
1Q˜3 sin θW sin φ , (38)
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with φ being the mixing angle between Z and the extra neutral gauge boson in the USSM.
Notice that φ in Ci induces the interference effect of the extra neutral gauge boson.
Also, the normalized coupling coefficient of Si to a pair of W bosons is given as
GSiWW = cos βO1i + sin βO2i . (39)
Note that it does not depend on φ, since there is no extra charged gauge bosons in the
USSM.
The partial decay width of Si into a pair of gluons is given as
Γ(Si → gg) =
α2s(mZ)m
3
Si
64π3v2
(|AS + ASD|2) , (40)
where mediating loops involve top, bottom, and exotic quarks and their scalar partners.
Now, as we have mentioned before, the heaviest one of the three scalar Higgs bosons
may decay into the lighter members. The partial decay width for Si → SjSk is calculated
as
Γ(Si → SjSk) =
CSG
2
SjSkSi
16πmSi
√√√√(1− (mSj −mSk)2
m2Si
)(
1− (mSj +mSk)
2
m2Si
)
, (41)
where CS is the symmetry factor and GSjSkSi is the cubic Higgs coupling coefficient. We
have CS = 1 for j 6= k and CS = 1/2 for j = k, and
GSjSjSi = λ
2s(2O1jO1iO3j +O
2
1jO3i + 2O2jO2iO3j +O
2
2jO3i)
− λAλ(O1iO2jO3j +O1jO2iO3j +O1jO2jO3i)
+ vλ2 cos β[O1i(O
2
2j +O
2
3j) + 2O1j(O2jO2i +O3jO3i)]
+ vλ2 sin β[O2i(O
2
1j +O
2
3j) + 2O2j(O1jO1i +O3jO3i)]
+
v
4
(g21 + g
2
2) cos β[3O
2
1jO1i − O1iO22j − 2O1jO2jO2i)]
+
v
4
(g21 + g
2
2) sin β[3O
2
2jO2i −O2iO21j − 2O1jO2jO1i)] ,
+ g
′2
1 Q˜3s[2O1jO1iO3jQ˜1 +O
2
1jO3iQ˜1 + 2O2jO2iO3jQ˜2
+O22jO3iQ˜2 + 3O
2
3jO3iQ˜3]
+ g
′2
1 v cos βQ˜1[3O
2
1jO1iQ˜1 +O1iO
2
2jQ˜2 + 2O1jO2jO2iQ˜2
+O1iO
2
3jQ˜3 + 2O1jO3jO3iQ˜3]
+ g
′2
1 v sin βQ˜2[2O1jO1iO2jQ˜1 +O
2
1jO2iQ˜1 + 3O
2
2jO2iQ˜2
+O2iO
2
3jQ˜3 + 2O2jO3jO3iQ˜3] ,
GS1S2S3 = −
1
2
λAλ(O13O22O31 +O12O23O31 +O13O21O32
+O11O23O32 +O12O21O33 +O11O22O33)
+ λ2s(O12O13O31 +O22O23O31 +O11O13O32
+O21O23O32 +O11O12O33 +O21O22O33)
+ vλ2 cos β[O13O21O22 +O12O21O23 +O11O22O23
+O13O31O32 +O12O31O33 +O11O32O33]
+ vλ2 sin β[O12O13O21 +O11O13O22 +O11O12O23
+O23O31O32 +O22O31O33 +O21O32O33]
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+
v
4
(g21 + g
2
2) cos β[3O11O12O13 − O13O21O22
−O12O21O23 − O11O22O23]
+
v
4
(g21 + g
2
2) sin β[3O21O22O23 − O12O13O21
−O11O13O22 − O11O12O23]
+ g
′2
1 Q˜3s[O12O13O31Q˜1 +O11O13O32Q˜1 +O11O12O33Q˜1
+O22O23O31Q˜2 +O21O23O32Q˜2 +O21O22O33Q˜2 + 3O31O32O33Q˜3]
+ g
′2
1 v cos βQ˜1[3O11O12O13Q˜1 +O13O21O22Q˜2 +O12O21O23Q˜2
+O11O22O23Q˜2 +O13O31O32Q˜3 +O12O31O33Q˜3 +O11O32O33Q˜3]
+ g
′2
1 v sin βQ˜2[O12O13O21Q˜1 +O11O13O22Q˜1 +O11O12O23Q˜1
+ 3O21O22O23Q˜2 +O23O31O32Q˜3 +O22O31O33Q˜3
+O21O32O33Q˜3] . (42)
6. Numerical Analysis
Now, we are ready for carrying out numerical analysis. The scheme for setting the relevant
parameters is similar to our previous analysis [18-22]. First of all, we note that there are
strong experimental constraints in the USSM on the mass of the extra gauge boson, mZ′,
and on the size of the mixing angle |φ| between Z and Z ′. In this article, we will use
mZ′ > 700 GeV and |φ| < 3 × 10−3. The vacuum expectation value of the Higgs singlet
is set as s = 700 GeV in order to ensure a light Z ′ scenario with a mass below 1 TeV.
The effective U(1)′ hypercharges of the Higgs doublets and Higgs singlet can be redefined
as Qi = g
′
1Q˜i because Q˜i appear always together with g
′
1. Then, we fix the redefined
effective hypercharges as Q1 = −1, Q2 = −0.1, and Q3 = 1.1. The Tevatron Run I data
have set the lower bound on the mass of an long-lived quark with electric charges ±1/3
as 119 GeV [29]. The search for long-lived charged massive particles at Tevatron Run I
put a more stringent experimental lower bound of 180 GeV at the 95 % confidence level
[30]. Thus, we take the mass of the exotic quark as 400 GeV without contradicting the
Tevatron constraint. Also, the mass of the pseudoscalar Higgs boson at the one-loop level,
mA, will be used as an input parameter.
The present experimental lower bound on the mass of the SM Higgs boson set by LEP2
data is about 114.5 GeV [31]. Since the scalar Higgs bosons in the USSM are mixtures
of the real components of the three Higgs fields, the possibility of discovering them is
affected by how much the real component of the Higgs singlet is mixed in them. Further,
the decay channel for the scalar Higgs bosons in the USSM is not restricted to a pair
of bottom quarks. Thus, the search for a USSM Higgs boson would depend on not only
its mass but also its coupling coefficients and other factors. Therefore, in our numerical
analysis, the lower bound on the mass of the lightest scalar Higgs boson in the USSM may
not be restricted by the LEP2 constraint, although it does not imply that our numerical
analysis may phenomenologically contradict the experimental constraint of LEP2. Our
analysis have been performed by assuming that the scalar Higgs bosons decay exclusively
to a pair of bottom quarks.
It is well known that the top scalar quark plays a dominant role in the Higgs processes
involving gluons, namely, both the productions of a scalar Higgs boson via the gluon
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fusion process at the LHC and its decays into a gluon pair, in the parameter region where
the top scalar quark mass is below 400 GeV [25,26]. The result depends crucially on
the mass of the top scalar quark. In the USSM, as we concentrate on the role of the
exotic quark and the exotic scalar quarks, the masses of the exotic scalar quarks should
be carefully studied. Thus, it is of importance to investigate the dependence of the exotic
scalar quark masses on the trilinear soft SUSY breaking parameter, Ak, and on the mass
of the exotic quark, mk.
We show the result for the exotic scalar quark masses as functions of Ak in Fig. 1,
for tanβ = 3, λ = 0.387, mQ = mU = mD = mK = mK¯ = 300 GeV, At = Ab = 440
GeV, and mk = 400 GeV and mA = 150 GeV. The mass of the lighter exotic scalar quark
is calculated to be between 176 GeV and 428 GeV while the mass of the heavier one is
between 493 GeV and 628 GeV. Their masses should be degenerate if Ak vanishes, but
actually they are not exactly degenerate in mass since the non-zero λ invokes a mixing
between them.
Note that the masses of the other scalar quarks as well as the scalar Higgs masses do
not depend on Ak. The masses of the other scalar quarks are calculated as mt˜1 = 229
GeV, mt˜2 = 435 GeV, mb˜1 = 252 GeV, and mb˜2 = 339 GeV. The masses for the three
scalar Higgs bosons at the one-loop level are calculated as mS1 = 117 GeV, mS2 = 156
GeV, and mS3 = 783 GeV, which are also shown in Fig. 1.
In order to study the effects of the exotic quark sector in the production of the scalar
Higgs bosons in the USSM via the gluon fusion process at the LHC, it would be convenient
to calculate the production cross sections with or without the contributions of the exotic
quark sector. Let us denote the production cross section of Si as σ
k(Si) where only
the exotic contributions are taken into account, and the production cross section of Si
as σt,b(Si) where they are not included. These cross sections are obtained technically
by taking either AS = 0 or ASD = 0 in the formula for the production cross section.
We also introduce σ(Si) where the loops of top, bottom, and exotic quarks and their
scalar partners are all included. It should be noted that σ(Si) is not exactly the sum of
σt,b(Si) and σ
k(Si), since there are interference terms in |AS+ASD|2 in the formula for the
production cross section. However, the interference between them are negligible, for the
parameter values we consider, such that σ(Si) is almost equal to σ
t,b(Si) + σ
k(Si). The
results are shown in Figs. 2a and 2b, where the values of the relevant parameters are the
same as in Fig. 1.
In Fig. 2a, σt,b(Si) and σ
k(Si) are plotted as functions of Ak. Note that σ
t,b(Si)
do not change against Ak because both the scalar Higgs boson masses and the relevant
couplings are independent of Ak, whereas the dependency on Ak of σ
k(Si) is very clear.
Note also that σt,b(S3) is negligibly smaller than either σ
t,b(S2) or σ
t,b(S1). This is mainly
because the mass of S3 is much heavier than the other two scalar Higgs bosons. The trend
is consistent with the SM prediction that the production cross section decreases as the
Higgs mass increases. It is also worthwhile noticing that σk(S3) is about 10
3 times larger
than σt,b(S3). This fact indicates that the loops of exotic quark and exotic scalar quarks
virtually dominate the S3 productions through the gluon fusion process in pp collisions.
In Fig. 2b, σ(Si) (i = 1, 2, 3) are plotted as functions of Ak. Comparing with Fig. 2a,
one may note that σ(S1) ∼= σt,b(S1), σ(S2) ∼= σt,b(S2), but σ(S3) ∼= σk(S3), in particular
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if Ak is not so much large as 400 GeV. Therefore, we may expect that the productions
of the heaviest scalar Higgs bosons of the USSM at the LHC would definitely exhibit the
contributions of exotic quark and exotic scalar quarks in the USSM.
Now, let us study decay processes. We calculate the partial decay width of Si (i =
1, 2, 3) into a pair of gluons. Here, too, it would be convenient to separate the contributions
of exotic quark and exotic scalar quark loops from the contributions of top and bottom
quark and scalar quark loops. Let us denote the partial decay width of Si into a gluon
pair as Γk(Si) where only the exotic contributions are taken into account, and the partial
decay width of Si as Γ
t,b(Si) where they are not included. We also introduce Γ(Si) where
the loops of top, bottom, and exotic quarks and their scalar partners are all included.
We show Γt,b(Si) and Γ
k(Si) in Fig. 3a. They are plotted as functions of Ak. The
other parameter values are the same as in Fig. 1. Like σt,b(Si), one can see that Γ
t,b(Si)
are all constant against Ak. Note that Γ
t,b(S1) > Γ
t,b(S2) > Γ
t,b(S3), but the difference is
not significant. On the other hand, there is a great hierarchy among Γk(Si). Note that
Γk(S3) is larger than either Γ
k(S1) or Γ
k(S2) by several orders of magnitude.
In Fig. 3b, Γ(Si) (i = 1, 2, 3) are plotted as functions of Ak. One may notice that
Γ(Si) 6= Γt,b(Si) + Γk(Si). This is due to the interferences between them. Clearly, by
comparing Fig. 3a and Fig. 3b, the discrepancy between Γ(S1) and Γ(S2) is more visible
than the discrepancy between Γt,b(S1) and Γ
t,b(S2). We expect that the interference
between Γt,b(S2) and Γ
k(S2) is rather destructive such that Γ(S2) < Γ
t,b(S2). Nevertheless,
for the heaviest scalar Higgs boson, it is evident that practically Γ(S3) ∼= Γk(S3), since
Γk(S3)≫ Γt,b(S3).
Next, we turn to the branching ratios of Si (i = 1, 2, 3). The results are shown in
Figs. 4-6. The values of the relevant parameters are the same as in Fig. 1. In Fig. 4,
we show the branching ratios of S1, namely, BR(S1 → bb), BR(S1 → cc), BR(S1 → ττ),
and BR(S1 → gg), as functions of Ak. The other branching ratios are very small to be
included in the figure. Note that the branching ratios for pairs of ordinary quarks are
flat against Ak, whereas BR(S1 → gg) increases very slightly as Ak increases, since the
mass of the lighter exotic scalar quark decreases down to about the top quark mass as Ak
increases. Comparing Fig. 4 with the following figures, one can see that BR(S1 → bb) is
much larger than BR(S2 → bb), or BR(S3 → bb) that is too small to be shown in Fig. 6.
In Fig. 5, we show the branching ratios of S2, namely, BR(S2 → bb), BR(S2 →
cc), BR(S2 → ττ), and BR(S2 → gg), as functions of Ak. Here, one may notice that
BR(S2 → cc) > BR(S2 → bb), and BR(S2 → gg)> BR(S2 → ττ), while the corresponding
inequalities are reversed in case of S1, as shown in Fig. 4. Also, notice that BR(S2 → gg)
decreases mildly as Ak increases by the contribution of the exotic quark and exotic scalar
quarks for the full range of Ak.
Since S3 is much heavier than S1 or S2, its decay channels are richer than the lighter
scalar Higgs bosons. In particular, it may decay into a pair of exotic scalar quarks or into a
pair of exotic quarks, depending on the masses of participating particles. According to our
analysis, the masses are obtained asmS3= 780 GeV, mk = 400 GeV, and 200 < mk˜1 < 450
GeV. Thus, S3 may decay into a pair of exotic quarks off shell, and into a pair of the
lighter exotic scalar quarks both on and off shell.
Let us consider the on-shell decays of S3 into a pair of the lighter exotic scalar quarks
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for Ak > 150 GeV. Its partial decay width is given by
Γ(S3 → k˜1¯˜k1) = 3v
2
8πmS3
(GS3k˜1k˜1)
2
√√√√1− 4m2k˜1
m2S3
where GS3k˜1k˜1 is given by Eq. (29). This formula is used to calculate the branching
ratio of S3 into a pair of k˜1. In Fig. 6, we show BR(S3 → k˜1k˜1), the branching ratio
for S3 decays into a pair of the lighter exotic scalar quarks, as function of Ak, as well
as other dominant branching ratios of S3, namely, BR(S3 → S1S1), BR(S3 → S2S2),
BR(S3 → S1S2), BR(S3 → tt), BR(S3 →WW ), BR(S3 → ZZ), and BR(S3 → gg).
It is clear in Fig. 6 that S3 would decay mostly into a pair of lighter scalar Higgs
bosons: BR(S3 → S1S1) and BR(S3 → S2S2) are almost equal and dominant over other
decay channels. Nevertheless, BR(S3 → k˜1¯˜k1) increases sharply at Ak ∼ 150 GeV, and
becomes quite compatible to them. Note that BR(S3 → k˜1¯˜k1) reaches its maximum at
Ak = 270 GeV. One may also notice that the branching ratio for a gluon pair is far less
than 1 %, and fluctuates visibly due to the Ak dependence of the exotic contributions. It
is comparable to BR(S3 → WW ) or BR(S3 → ZZ). However, the S3 decays into a gluon
pair is almost solely mediated by the loops of the exotic quark and exotic scalar quarks.
In Fig. 6, one may notice that S3 may decay quite dominantly into a pair of S1, a
pair of S2, a pair of the lighter exotic scalar quarks, a pair of top quarks, or into S1
and S2, as well as a pair of gluons. The branching ratio of S3 into a pair of gluons is
very small as 0.001 at best. We can obtain the number of raw Higgs events by using the
integrated luminosity of the detectors such as CMS [32] or ATLAS [33]. For the integrated
luminosity of 700 fb−1 which is expected to be reached in about ten years at the LHC
(CMS + ATLAS), about 140 raw Higgs events for S3 would be produced at the LHC [34].
Thus, the decay mode of S3 into a pair of gluons would not be relevant for any practical
purpose, since the background for such events is large at the LHC. Consequently, other
decay modes would be more worthwhile studying, or the super LHC (SLHC), an upgrade
of the LHC, is necessary to study the gluon decays of the heaviest quark in our model.
Note that the target of the integrated luminosity for SLHC is about 3000 fb−1 during the
period of its operation [34].
The mass of the SM Higgs boson is determined by the vacuum expectation value of
the electroweak symmetry breaking, in which itself plays a crucial role. Thus, it is natural
to expect that the SM Higgs boson has a mass of the scale of the electroweak symmetry
breaking. By requiring that there should be no Landau pole up to the cut off scale, the
renormalization group equation for the mass of the SM Higgs boson predicts that it is
smaller than 190 GeV, if the cut off scale is the Planck mass scale.
If the SM Higgs boson is discovered with a mass of the electroweak symmetry breaking
scale and if S3 of the present model is about 780 GeV, there would be no serious difficulty
to distinguish between them. On the other hand, if the SM Higgs boson is discovered with
a mass comparable to the mass of S3 of the present model, their decay modes may be a
useful tool to distinguish between them. For the parameter value we consider, the mass
of S3 is about 780 GeV, and its decay modes are shown in Fig. 6. Let us assume that
the mass of the SM Higgs boson is also about 780 GeV. With this mass, the SM Higgs
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boson would decay 60 % in W boson pairs, 30 % in Z boson pairs, and 7 % in top quark
pairs. On the other hand, as Fig. 6 shows, S3 would decay 45 % into S1S1 and 45 % into
S1S2 for 0 < Ak (GeV) < 130, or 30 % each for S1S1, S1S2, and k˜1
¯˜
k1 for Ak ∼ 250 GeV.
Further, as Figs. 4 and 5 show, S1 and S2 would respectively decay into a pair of bottom
quarks by 60 % and 19 %. Therefore, using the decay modes of bottom quark pairs as
background, assuming 700 fb−1 for the integrated luminosity of the LHC, we would have
29862 events of S3 → bb¯ whereas 2362 events for the same decay modes for the SM Higgs
bosons. In this case, the signal significance is more than 614σ, well above the discovery
limit.
Since S3 is much heavier than S1 or S2, it may decay into a pair of exotic scalar quarks
or into a pair of exotic quarks. For the parameter values we take up to now, the mass of
S3 is 780 GeV, the mass of the exotic quarks is 400 GeV, and the mass of the lighter exotic
scalar quarks is between 180 and 450 GeV. Thus, for this choice of parameter values, S3
may decay into a pair of the lighter exotic scalar quarks both on and off shell. On the
other hand, it is kinematically forbidden for S3 to decay into a pair of exotic quarks on
shell.
In order to study the on-shell decays of S3 into a pair of exotic quarks, we need to
explore other regions of the parameter space. We would like to study the parameter region
where mk = 400 GeV and mS3 is larger than 800 GeV. We find that a representative set
of the parameter values in this region is tanβ = 3, λ = 0.5, mQ = mU = mD = mK =
mK¯ = 500 GeV, At = Ab = 440 GeV, mk = 400 GeV, mA = 900 GeV, and 0 < Ak < 900
GeV. These parameter values yield 176 < mk˜1 (GeV) < 585, 635 < mk˜2 (GeV) < 845,
mS1 ∼ 114.5 GeV, mS2 ∼ 750.6 GeV, and mS3 ∼ 928.7 GeV, satisfying our requirement.
Fig. 7 shows the masses of these particles as functions of Ak. Hence, with this choice of
parameter values, S3 may decay into a pair of exotic quarks on shell.
We calculate the production cross sections for the scalar Higgs bosons via gluon fusion
process at the LHC. The radiative corrections include the contributions from loops of
top quarks, bottom quarks, exotic quarks, and their scalar superpartners. The results
are shown in Fig. 8. The parameter values are the same as Fig. 7. We then calculate
the branching ratios of the scalar Higgs bosons. The results for the branching ratios are
shown in Figs. 9, 10, and 11, for the same parameter values as Fig. 7.
These figures may be compared with Figs. 4, 5, and 6, respectively. Consider first
Fig. 9, which shows the branching ratios of S1. The behavior of S1 in Fig. 9 is not so
much different from its behavior in Fig. 4, mainly because its mass is roughly the same
in both figures: mS1 ∼ 114.5 GeV in Fig. 9 and mS1 ∼ 117 GeV in Fig. 4.
By contrast, the behavior of the branching ratios of S2 in Fig.10 is strikingly different
from that in Fig. 5, since mS2 ∼ 750 GeV in Fig. 10 and mS2 ∼ 156 GeV in Fig. 5. In
particular, the branching ratio for a pair of lighter exotic scalar quarks, BR (S2 → k˜1¯˜k1),
can be seen in Fig. 10, whereas it is absent in Fig. 5, as it is forbidden kinematically
there. The coupling coefficient of S2 to a pair of k˜1
¯˜
k1 depends very severely on Ak. Thus,
the branching ratio for a pair of lighter exotic scalar quarks varies wildly as Ak changes.
Note that S2 cannot decay into a pair of exotic quarks on shell, since its mass is smaller
than 2mk, in both figures.
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The heaviest scalar Higgs boson, S3, on the other hand, may decay into a pair of
exotic quarks on shell, as shown in Fig. 11. One may notice that the branching ratio of
S3 → kk¯ is considerably larger than the branching ratios for gauge boson pair or gluon
pair. Therefore, for some parameter regions where S3 is allowed kinematically to decay
into a pair of exotic quarks, the decays of the heaviest scalar quark into exotic quarks may
become important to examine our model. Also, the branching ratio for a pair of exotic
scalar quarks in Fig. 11 varies more wildly than in Fig. 6.
7. Conclusions
In this article, we study the Higgs sector of the USSM at the one-loop level. The radiative
corrections from the loops of top, bottom and exotic quarks and their superpartners
are calculated for the scalar and pseudoscalar Higgs boson masses, where we include
the D-term contribution. For the numerical analysis, we take tan β = 3, λ = 0.387,
mQ = mU = mD = mK = mK¯ = 300 GeV, At = Ab = 440 GeV, and the mass of the
exotic quark asmk = 400 GeV and the mass of the pseudoscalar Higgs boson asmA = 150
GeV. We assume that CP symmetry is conserved in the Higgs sector of the USSM. We
find that the exotic scalar quarks become nearly degenerate in mass for small Ak.
For the USSM Higgs phenomenology at the LHC, we study the production processes
and decay modes of the scalar Higgs bosons that involve gluons. As the scalar Higgs
bosons may be produced in pp collisions via the gluon fusion process, we calculate the
production cross sections for the gluon fusion process, considering the loop contributions
from top, bottom, and exotic quarks and their superpartners. We find that, for the
heaviest scalar Higgs boson of the USSM, the gluon fusion process is mediated virtually
only by the loops of exotic quark and exotic scalar quarks. So is the partial decay width
of the heaviest scalar Higgs boson into a pair of gluons. In other words, practically, the
heaviest scalar Higgs boson couples to a pair of gluons only through the loops of exotic
quark and exotic scalar quarks. Thus, the contributions from the loops of top and bottom
quarks and their scalar partners are negligible in the gluon fusion process of the heaviest
scalar Higgs boson production as well as in its partial decay width into a gluon pair.
However, the partial decay width of the heaviest scalar Higgs boson into a pair of gluons
is less than 1 %, just comparable to its partial decay width into a pair of gauge bosons.
We should note that our results are obtained for a particular set of parameter values,
allowing Ak to vary between 0 and 450 GeV. Thus, it may be hard to say that this set
of parameter values represent the whole parameter space of the USSM. We may have
to search a much wider region of the parameter space of the USSM in order to obtain
more predictive results for the contributions of the exotic quark and exotic scalar quarks
in the Higgs phenomenology. However, qualitatively, our results suggest that the exotic
quark and exotic scalar quarks play observable roles in the productions and decays of the
scalar Higgs bosons of the USSM at the LHC. In order to examine the USSM at the LHC,
in particular to examine the effects of the exotic quark sector in the Higgs physics, the
heaviest scalar Higgs boson may be one of the best windows, as our calculations clearly
suggests.
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FIG. 1: The scalar Higgs boson masses mSi (i = 1, 2, 3) and the exotic scalar quark
masses mk˜j (j = 1, 2) are plotted as functions of Ak, for tanβ = 3, λ = 0.387, mQ =
mU = mD = mK = mK¯ = 300 GeV, At = Ab = 440 GeV, the mass of the pseudoscalar
Higgs boson as mA = 150 GeV, and the mass of the exotic quark as mk = 400 GeV. Note
that mS3 > mS2 > mS1 are independent of Ak, whereas the gap between the masses of
the two exotic scalar quarks widens as Ak increases.
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FIG. 2a: The production cross sections of the scalar Higgs bosons via the gluon fusion
process at the LHC are plotted as functions of Ak. σ
t,b(Si) (i = 1, 2, 3) are the cross
sections where only the loops of top quark, bottom quark, top scalar quarks, and bottom
scalar quarks are taken into account, and σk(Si) (i = 1, 2, 3) are the cross sections where
only the loops of the exotic quark and exotic scalar quarks are taken into account. The
parameter values are the same as Fig. 1. Note that σt,b(Si) (i = 1, 2, 3) are independent
of Ak.
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FIG. 2b: The production cross sections of the scalar Higgs bosons via the gluon fusion
process at the LHC, σ(Si) (i = 1, 2, 3), are plotted as functions of Ak. They are calculated
by taking into account together both the loops of top quark, bottom quark, top scalar
quarks, bottom scalar quarks and the loops of the exotic quark and exotic scalar quarks.
The parameter values are the same as Fig. 1. Notice that σ(S3) is virtually equal to
σk(S3) in Fig. 2a.
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FIG. 3a: The partial widths of the scalar Higgs boson decays into a pair of gluons are
plotted as functions of Ak. Γ
t,b(Si) (i = 1, 2, 3) are the partial decay widths where only
the loops of top quark, bottom quark, top scalar quarks, and bottom scalar quarks are
taken into account, and Γk(Si) are the decay widths where only the loops of the exotic
quark and exotic scalar quarks are taken into account. The parameter values are the same
as Fig. 1. Note that Γt,b(Si) (i = 1, 2, 3) are independent of Ak. Note also that Γ
k(S3) is
much larger than any of Γt,b(Si) (i = 1, 2, 3) whereas Γ
k(S1) or Γ
k(S2) are smaller than
them.
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FIG. 3b: The partial widths of the scalar Higgs boson decays into a pair of gluons, Γ(Si)
(i = 1, 2, 3) are plotted as functions of Ak. They are calculated by taking into account
together both the loops of top quark, bottom quark, top scalar quarks, bottom scalar
quarks, and the loops of the exotic quark and exotic scalar quarks are taken into account.
The parameter values are the same as Fig. 1. Note that Γ(S3) is practically identical to
Γk(S3).
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FIG. 4: The branching ratios of the lightest scalar Higgs boson, S1, are plotted as
functions of Ak. The parameter values are the same as Fig. 1. Note that BR(S1 → bb),
BR(S1 → cc), and BR(S1 → ττ) are independent of Ak, whereas BR(S1 → gg) slightly
increases as Ak increases.
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FIG. 5: The branching ratios of the middle heavy scalar Higgs boson, S2, are plotted as
functions of Ak. The parameter values are the same as Fig. 1. Note that BR(S2 → bb),
BR(S2 → cc), and BR(S2 → ττ) are independent of Ak, whereas BR(S2 → gg) slightly
decreases as Ak increases. Note also that BR(S2 → gg) is larger than BR(S2 → ττ).
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FIG. 6: The branching ratios of the heaviest scalar Higgs boson, S3, are plotted as
functions of Ak. The parameter values are the same as Fig. 1. Note that BR(S3 → tt),
BR(S3 → WW ), BR(S3 → ZZ), as well as BR(S3 → S1S2), BR(S3 → S1S1), and
BR(S3 → S2S2), are independent of Ak, whereas BR(S3 → k˜1k˜1) and BR(S3 → gg)
depend significantly on Ak. Note also that BR(S3 → gg) is larger than or quite compatible
to BR(S3 →WW ) and BR(S3 → ZZ).
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FIG. 7: The same as Fig. 1, except for a different set of parameter values: tan β = 3,
λ = 0.5, mQ = mU = mD = mK = mK¯ = 500 GeV, At = Ab = 440 GeV, the mass of
the pseudoscalar Higgs boson as mA = 900 GeV, and the mass of the exotic quark as
mk = 400 GeV. Note that mS3 is larger than twice the mass of the exotic quark.
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FIG. 8: The same as Fig. 2b, except that the parameter values are those of Fig. 7
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FIG. 9: The same as Fig. 4, except that the parameter values are those of Fig. 7
34
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
1
0 100 200 300 400 500 600 700 800 900
Ak (GeV)
BR(S2)
tt
WW
ZZ
S1S1
gg
˜  ˜k1k1
FIG. 10: The same as Fig. 5, except that the parameter values are those of Fig. 7
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FIG. 11: The same as Fig. 6, except that the parameter values are those of Fig. 7. Here,
note that the branching ratio for a pair of exotic quark pairs, BR(S3 → kk¯) is present.
It is the second largest branching ratio, larger than BR(S3 → WW ), BR(S3 → ZZ), or
BR(S3 → gg).
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